Missense mutations in the dystrophin protein can cause Duchenne muscular dystrophy (DMD) or Becker muscular dystrophy (BMD) through an undefined pathomechanism. In vitro studies suggest that missense mutations in the N-terminal actinbinding domain (ABD1) cause protein instability, and cultured myoblast studies reveal decreased expression levels that can be restored to wild-type with proteasome inhibitors. To further elucidate the pathophysiology of missense dystrophin in vivo, we generated two transgenic mdx mouse lines expressing L54R or L172H mutant dystrophin, which correspond to missense mutations identified in human patients with DMD or BMD, respectively. Our biochemical, histologic and physiologic analysis of the L54R and L172H mice show decreased levels of dystrophin which are proportional to the phenotypic severity. Proteasome inhibitors were ineffective in both the L54R and L172H mice, yet mice homozygous for the L172H transgene were able to express even higher levels of dystrophin which caused further improvements in muscle histology and physiology. Given that missense dystrophin is likely being degraded by the proteasome but whole body proteasome inhibition was not possible, we screened for ubiquitin-conjugating enzymes involved in targeting dystrophin to the proteasome. A myoblast cell line expressing L54R mutant dystrophin was screened with an siRNA library targeting E1, E2 and E3 ligases which identified Amn1, FBXO33, Zfand5 and Trim75. Our study establishes new mouse models of dystrophinopathy and identifies candidate E3 ligases that may specifically regulate dystrophin protein turnover in vivo.
Introduction
The X-linked recessive disease Duchenne muscular dystrophy (DMD) is caused by mutations in the DMD gene that encodes the 427-kDa protein dystrophin (1) . Dystrophin is predominantly expressed in muscle cells and is a critical component of the dystrophin-glycoprotein complex (DGC) that functions to stabilize the muscle cell membrane during muscle contraction (2, 3) . Disease-causing mutations in the DMD gene vary, with 68.5% of patients harboring large deletions (>1 exon), 11% with duplications (>1 exon), 10 .2% with nonsense mutations, 6% with smaller deletions or insertions (<1 exon), 3% with splicesite mutations, 0.3% with mid-intronic mutations and 0.4% with missense mutations (4) . Typically, mutations that result in the absence of dystrophin protein (i.e. through nonsense mutations or out-of-frame deletions) cause the severe phenotype of DMD (OMIM 310200) whereas mutations that result in a partially functional dystrophin protein cause a milder form known as Becker muscular dystrophy (BMD) (OMIM 300376) (5). Although very rare, disease-causing missense mutations provide unique opportunities to better understand the mechanism of dystrophinopathies. For example, a patient with an L54R mutation in the first calponin homology module (CH1) of actin-binding domain (ABD1) presented with DMD (6) , while a patient with milder BMD was found to harbor an L172H mutation in the analogous location within CH2 of ABD1 (7) .
In contrast to predictions that most disease-causing mutations in ABD1 would disrupt actin-binding activity (8) , in vitro binding studies showed that several ABD1 missense mutations including L54R and L172H had minimal effect on the actin-binding affinity of full-length dystrophin (9) . Additional experiments showed that ABD1 missense mutations compromised the thermal stability of dystrophin and increased the propensity for aggregation in vitro (9, 10) . Myoblast cell culture models expressing L54R or L172H dystrophins revealed a decrease in the steady state protein levels compared with wild-type dystrophin when normalized to the level of mRNA expression. L54R protein levels were lower than L172H levels, such that protein abundance was inversely proportional to the in vitro stability and the disease severity reported for the respective patients (11) . Importantly, there was no mutant dystrophin protein observed in insoluble fractions from the cells and inhibition of autophagy had no effect on dystrophin protein abundance, both of which indicate there was no aggregation of the protein occurring in the cell culture model. Treatment of the L54R and L172H myoblast lines with proteasome inhibitors, however, did restore missensemutant dystrophin expression to wild-type levels (11) . These results suggested that missense mutant dystrophin is misfolded and subsequently degraded via the ubiquitin proteasome system, and that the percentage of protein targeted for degradation is directly related to how severely the mutation affects protein folding and stability. We hypothesized that misfolded dystrophins are being specifically targeted to the proteasome and that if degradation is inhibited the protein may still be functional. However, there is no method for assessing dystrophin functionality in cultured myoblasts.
Here we report the characterization of two new transgenic mdx mouse models expressing L54R (DMD) or L172H (BMD) mutant, full-length dystrophin. Phenotypic analysis of hemizygous L54R and L172H mice, as well as a homozygous L172H line, revealed a correlation between the levels of mutant dystrophin protein and improvement in some parameters of dystrophy. We have also identified four E3 ubiquitin ligases that impact missense dystrophin levels in cultured myoblasts and are candidates for modulation in the transgenic mouse models. The L54R and L172H mice will be useful tools in continuing to define the mechanism of mutant dystrophin turnover and molecular pathomechanisms of DMD and BMD.
Results
We generated transgenic mice expressing the L54R or L172H missense mutations in full-length dystrophin driven by the human skeletal actin (HSA) promoter and bred them onto the dystrophin-deficient mdx mouse line (labeled as mL54R and mL172H mice). Tibialis anterior, gastrocnemius and heart tissues were analyzed by RT-qPCR and western blot for dystrophin transcript and protein levels, respectively (Fig. 1) . Both lines expressed the transgene in skeletal muscle, but not in the heart as expected based on the tissue specificity of the HSA promoter (12) . The mL54R mice had dystrophin transcript levels not different from wild-type mice (Fig. 1A) but only 7-9% of wild-type protein levels (Fig. 1E) . Transcript levels in mL172H mice were also not different from wild-type (Fig. 1B) but mutant protein levels were only 44% of wild-type (Fig. 1F ). L54R and L172H protein levels were remarkably similar to the levels previously measured (11) in the respective C2C12 myoblast cell culture models (13% for L54R and 46% for L172H). The decrease in steady-state protein levels in the cell culture models was attributed to protein misfolding and subsequent degradation by the proteasome (11) . To determine whether misfolded dystrophin in the new mouse models was stimulating a heat shock response or an unfolded protein response (UPR), several indicator proteins were analyzed by western blot (Supplementary Material, Fig. S1 ). We found that neither a heat shock response nor an UPR was elicited in the mL54R or mL172H mice.
To characterize the canonical signs of dystrophinopathy, 3-month-old mice were assessed for a number of cellular, histologic and physiologic parameters. The mL54R and mL172H mouse lines were analyzed for quantity and localization of several components of the DGC compared with wild-type and mdx mice (Fig. 2) . The mutant dystrophin itself appeared to localize to the sarcolemma and no puncta or diffuse cytoplasmic staining were observed in the interior of the cells, indicating that although protein levels are decreased none of the mutant protein is aggregating (Fig. 2C) . None of the missense dystrophin protein is detectably ubiquitinated (Supplementary Material, Fig. S2 ). Neither mL54R nor mL172H dystrophin restored any of the DGC components to wild-type expression levels ( Fig. 2A and B) , but DGC components did show proper sarcolemmal localization (Fig. 2C) . Increased utrophin and decreased nNOS expression are often used as indicators of a dystrophic phenotype (13, 14) . Interestingly, utrophin expression in mL54R and mL172H lines was increased to the same degree as mdx, while nNOS expression was decreased but to a lesser extent than mdx in mL172H mice ( Fig. 2A and B) .
In addition to perturbations in assembly of the DGC, it has been demonstrated that dystrophin deficiency is associated with perturbations in subsarcolemmal microtubule lattice organization (15) . Thus, we imaged and quantitatively assessed the microtubule lattice organization of extensor digitorum longus (EDL) muscle fibers in each mouse line (Fig. 3) . Fibers from mL54R mice exhibited microtubule directionality significantly different from wild-type and resembling mdx fibers, whereas mL172H fibers restored microtubule organization from an mdx phenotype to not different from wild-type. The difference in microtubule lattice rescue between mL54R and mL172H mice may simply be owing to differences in protein abundance but may also reflect different effects of each mutation on dystrophin function.
Quadriceps muscle sections from the transgenic mice were stained with H&E and assessed for histologic signs of dystrophy (Fig. 4A) . The mL54R line showed dystrophic features similar to mdx. The mL172H was also dystrophic, but possibly to a lesser degree. To quantify the histologic features, the centrally nucleated fibers (CNF) were counted as a percentage of total fibers (Fig. 4B) . The data revealed that mL54R and mL172H lines had significantly increased CNFs over wild-type, but with lower average values than mdx. Indeed mL172H quadriceps had significantly lower CNFs than both mdx and mL54R. Across the four phenotypes, CNF values correlated inversely with dystrophin protein quantity (Fig. 4D) . As an indicator of sarcolemmal integrity, creatine kinase (CK) activity was measured in the serum from each line of mice (Fig. 4C ). Serum from mdx had significantly elevated activity compared with wild-type. Both mL54R and mL172H had intermediate levels of CK activity, being neither significantly different from wild-type nor mdx.
The transgenic mL54R and mL172H lines were assessed for several physiologic impairments associated with muscular dystrophy in the mdx mouse, including grip strength, whole body tension, activity after exercise and eccentric contractioninduced force loss (Fig. 5) (16) (17) (18) . We found that for grip strength, whole body tension and activity after exercise ( Fig. 5A-C) mdx, mL54R and mL172H all performed significantly worse than wild-type with no apparent rescue in the mL54R mouse or L172H compared with mdx. As a final assessment of physiologic performance, EDL muscles were analyzed ex vivo for force loss after eccentric contractions (Fig. 5D ). Wild-type mice maintained the same level of force after five eccentric contractions, while mdx, mL54R and mL172H all dropped to $20% of initial force by the fifth eccentric contraction. A summary of ex vivo parameters measured (Supplementary Material, Table S1) shows that all three of the dystrophic models were significantly different than wild-type for specific force, change in specific force after eccentric contractions, and percent force drop during eccentric contraction. Together, these data indicate that neither missense mutant line was different from mdx, suggesting that the L54R and L172H dystrophin proteins do not restore physiologic function at their given expression levels, while wild-type dystrophin at these same expression levels causes measureable phenotypic improvement (19, 20) .
Given that many of the cellular and histologic parameters measured, including nNOS expression (Fig. 2B) , microtubule organization (Fig. 3) , and %CNF (Fig. 4B ) all showed dystrophic Representative western blot analyses of mouse lines L54R and L172H, respectively. (E) and (F) Quantification of western blots from n ¼ 3 separate animals for each line.
ANOVA analysis for both lines gave F < 0.05. Post hoc analysis *P < 0.05 compared with b6.
phenotypes that correlated with disease severity, it was contradictory that none of the physiologic tests showed improvement over mdx. To test whether further increasing mutant dystrophin levels can improve the physiologic phenotypes of mdx mice, we generated and characterized mice homozygous for the L172H missense mutant dystrophin transgene (mhomL172H). By western blot, skeletal muscle from mhomL172H mice expressed significantly more dystrophin ($1.5Â) than mL172H muscle (Fig. 6 ). Histologically, mhomL172H mice showed a further significant decrease in the number of CNF compared with mL172H mice ( Fig. 7A and B) . The mhomL172H animals demonstrated a modest but still significant protection from eccentric contractioninduced force loss compared with mdx and hemizygous mL172H littermates (Fig. 7C ). Significant protection was measured for both lines when the eccentric contraction protocol was reduced from a 10% length change (Fig. 7C ) to 5% during the eccentric contractions (Fig. 7D) . Furthermore, mhomL172H mice showed significant improvements in specific force and eccentric contraction-induced force drop compared with mdx, which were not improved for mL172H mice (Supplementary Material, Table S2 ). Overall our results in homozygous L172H mice demonstrate phenotypic improvement with sufficiently high levels of missense mutant dystrophin.
We have previously demonstrated that L54R and L172H dystrophin levels increase in cultured C2C12 myoblasts following proteasome inhibitor treatment (11), and proteasome inhibitors have shown short-term efficacy in mdx mice (21) (22) (23) (24) . Therefore, we attempted to pharmacologically increase missense dystrophins by treating the mL54R and mL172H mice with several different proteasome inhibitors at various concentrations and by multiple delivery methods according to previously published protocols (Supplementary Material, Table S3 ; [21] [22] [23] [24] [25] [26] [27] . Surprisingly, none of the proteasome treatments caused a detectable increase in dystrophin protein levels (Supplementary Material, Table S3 and Fig. S3 ). The discrepancy we observe in proteasome inhibitor effectiveness between cultured myoblasts and our transgenic mouse lines could be explained by differences in in vitro concentrations of inhibitor compared with therapeutic doses used in the mice (28, 29) . for b6 and mdx, n ¼ 6 for mL54R and mL172H. ANOVA analysis was significant at F < 0.0001. Post hoc analysis gave *P < 0.001 for b6 mice versus all disease models, and for mL172H versus mdx and mL54R. (C) Serum creatine kinase (CK) activity from cheek bleeds of individual mice. n ¼ 5 for b6, n ¼ 9 for mdx, n ¼ 7 for mL54R, n ¼ 9 for mL172H. ANOVA analysis was significant at F < 0.01. Post hoc analysis gave *P < 0.01 for b6 versus mdx. Both transgenic lines were not statistically different from b6 mice. (D) Analysis of % dystrophin protein versus %CNF.
Line of best fit indicates a negative correlation.
Higher doses of proteasome inhibitor would likely lead to the toxicity that motivated cancer biologists to identify specific E3 ubiquitin ligases that target cancer-related proteins to the proteasome (30) . Given our inability to sufficiently inhibit the proteasome and curiosity to begin to define the mechanism of dystrophin degradation, we performed an siRNA screen to identify the specific ubiquitin-conjugating enzymes that target missense mutant dystrophin to the proteasome. We used a myoblast cell line expressing GFP-tagged L54R dystrophin (11) to screen a commercial library of 512 different E1, E2 and E3 ligases by flow cytometry. From the 512 targets, 6 positive hits (Fig. 8A) were identified as those with fluorescence values significantly above the background threshold, indicating an increased level of the mutant dystrophin protein (Fig. 8B) . All of the targets identified (ASB5, Trim75, Amn1, FBXO33, Zfand5 and TRAF2) are confirmed or putative E3 ubiquitin ligases. The six candidates were tested for specific effects in the cell culture model to determine whether the siRNA generated a significant knock-down of the target transcript. RT-qPCR for each respective transcript revealed that four of the six candidates were significantly knocked-down (Supplementary Material, Fig. S4 ). The myoblast models have previously shown that missense dystrophins are targeted to the proteasome (11) , and now we have identified four candidate E3 ligases, FBXO33, Amn1, Zfand5 and Trim75, involved in the degradation of dystrophin, either by direct ubiquitination or by indirect means.
Discussion
We have generated two novel transgenic mouse lines modeling different missense mutations in ABD1 associated with DMD (L54R) or BMD (L172H). The original reports of missense mutations L54R and L172H were more than a decade apart from each other and therefore could not be compared side by side (6,7). Individual points are an average of five trials for each mouse. ANOVA was significant at F < 0.01. Post hoc analysis gave *P < 0.05 compared with b6. (C) Activity after exercise analysis. ANOVA was significant at F < 0.005. Post hoc analysis gave *P < 0.05 compared with b6. (D) Ex vivo EDL force measurement during eccentric contraction.
n ¼ 4 for b6, n ¼ 5 for mdx, n ¼ 6 for mL54R, n ¼ 5 for mL172H. Data for b6 mice taken from (15) . For ECC 2-5, all three dystrophic models were significantly different than b6 mice.
While the pathophysiology of the patients was well reported (L54R with severe DMD phenotypes and L172H with mild BMD phenotypes), the molecular analysis was minimal, with each group estimating that their respective patient expressed dystrophin at 20% of normal control levels. Here we measured steady state dystrophin levels of 7-9% for L54R and 44% for L172H, which corroborate the level of each protein previously measured in the cell culture models, and is consistent with the degree of misfolding measured in vitro using differential scanning fluorimetry (11) . The mL54R line presented with biochemical, histologic and physiologic phenotypes not different from the mdx mouse, whereas the mL172H line presented with a milder phenotype for several parameters tested. Therefore, it appears that the abundance of missense mutant dystrophin inversely correlates with disease severity in mice and we believe this is the major mechanism of disease.
Previous studies on the relationship between dystrophin protein expression and disease phenotype have also shown that disease severity inversely correlates with dystrophin protein levels (31, 32) . The first animal model with a missense mutation in dystrophin was reported in a line of pigs harboring a point mutation in Exon 41 resulting in full-length dystrophin with the amino acid change R1958W (33) . Phenotypically, the R1958W pigs appear to most closely model mildly affected BMD patients and express dystrophin at 30% of wild-type levels. Transgenic mdx mice expressing only 20% of full-length dystrophin or a therapeutic mini-dystrophin demonstrated rescue of dystrophic phenotype (31, 32) . Therefore, our mL172H mouse line expressing 40% dystrophin levels should theoretically fully rescue the dystrophic phenotype, but instead only shows partial improvement in some parameters, suggesting that the L172H mutation disrupts dystrophin function in addition to protein stability. Other studies of dystrophin levels using nontransgenic mouse models with varying levels of dystrophin demonstrated that as little as 5% of wild-type dystrophin is sufficient to partially protect from some of the dystrophic phenotypes (20, 34) , suggesting that the L54R mutant expressed at 7-9% with no protection also has disrupted functionality.
To address the question of quality (dystrophin functionality) versus quantity (dystrophin levels), we generated homozygous transgenic mice. We hypothesized that a homozygous L54R mouse would not produce high enough dystrophin levels to see an improvement, thus we focused our efforts on generating and characterizing the L172H homozygous line. The homozygous mice showed >1.5-fold increase in dystrophin levels compared with hemizygous littermates, demonstrating that L172H mutant dystrophin levels are able to be manipulated. The homozygous L172H line showed significant improvements in central nucleation, specific force and eccentric contraction-induced force drop compared with hemizygous mice, indicating that higher levels of missense dystrophin are able to partially compensate for impaired functionality. A minimum of 250 fibers were counted for each mouse (n ¼ 3). Unpaired t-test, *P < 0.05. Ex vivo EDL force measurement during eccentric contraction at 10% lengthening (C) or 5% lengthening (D). b10 n ¼ 3, mdx n ¼ 3, mL172H n ¼ 6 (10%) or n ¼ 3 (5%), mhomL172H n ¼ 10 (10%) or n ¼ 4 (5%); ANOVA, post hoc analysis gave *P < 0.05 compared with mdx.
In an attempt to pharmacologically increase mutant dystrophin protein, we treated mice with various proteasome inhibitors. In all cases, there was no evidence of increased dystrophin protein upon treatment, an observation that is in contrast to our previous work in cultured myoblasts that revealed a dosedependent increase in missense dystrophin protein upon proteasome inhibitor treatment. At the therapeutic dose used in vivo, it is possible that only one type of proteasome active site, the chymotrypsin-like active site, is being targeted by the proteasome inhibitors thus leaving the caspase-like and trypsin-like sites functional to degrade missense dystrophins (35) . At higher concentrations, as in the cultured myoblasts, the proteasome inhibitors are able to inhibit all three sites, and thus inhibit degradation of missense dystrophins, but would presumably be at toxic levels in vivo (11, 28) . Additionally, a study on the rates of protein degradation following proteasome inhibitor treatment showed that inhibition of the chymotrypsin-like site of the proteasome decreased protein degradation to a limited extent (<50%) and varied depending on the protein substrate being measured (35) . It is also possible that the proteasome inhibitors are not targeting the muscle at sufficient concentrations to inhibit the proteasome or that only a small percentage of the proteasomes in muscle are being inhibited. Although proteasome inhibitors have demonstrated short-term efficacy in mdx mice (21, 22, 24) , it would not be therapeutically practical to treat chronically ill patients with broad-spectrum proteasome inhibitors over the course of their lifetime. Thus, more recent approaches have focused on inhibitors of the ubiquitin-conjugating enzymes more specific to a given disease target (30) .
Using a similar approach, we performed an siRNA screen that identified four E3 uibiquitin ligases that may be involved in targeting missense dystrophins to the proteasome. Zfand5, also known as Znf216, is a zinc-finger and AN1-like domain containing protein that has been shown to interact with IKKgamma (36) and, more notably, has been implicated in muscle atrophy (37) . FBXO33 is a component of the SCF (Skp1/Cul1/F-box) E3 ubiquitin ligase (38) , was identified as a seizure response gene (39) and as a target of the DUX4 transcription factor that is activated in facioscapulohumeral muscular dystrophy (40) . Amn1 has been implicated in cell cycle regulation and a putative interactor with the E3 ligase APC (anaphase-promoting complex) (41) . Trim75 is a tripartite motif containing protein identified as a female fertility factor (42) and, although other members of the Trim family of proteins such as Trim32 and Trim63 (also known as MURF1) have been studied in muscle pathologies (43, 44) , Trim75 function has not, to our knowledge, been studied in muscle. With the exception of FBXO33, the E3 ligases we identified have not been previously associated with muscular dystrophy and none of them have been reported to bind to or ubiquitinate dystrophin.
In contrast to cell stress conditions such as hypoxia or muscle atrophy where E3 ubiquitin ligases are upregulated (43, 45) , we see no evidence that our candidate dystrophin E3 ligases are upregulated in response to missense dystrophin proteins in our mouse models (Supplementary Material, Fig. S5 ). Furthermore, we do not observe an increase in heat shock pathway proteins or UPR proteins in the mice (Supplementary Material, Fig. S1 ), supporting the hypothesis that missense dystrophins are not stimulating a global misfolded protein response but are rather being regulated by specific E3 ligases already present in the cell for the purpose of protein homeostasis. In future studies, we aim to knockdown our candidate E3 ligases in transgenic missense dystrophin mice and generate knockout mice for cross breeding in order to evaluate the effect on missense dystrophin expression.
In summary, this work establishes two new transgenic mdx mouse lines modeling missense mutant dystrophins from actual patient mutations. The proposed primary mechanism of disease in these models is through degradation of misfolded missense dystrophin proteins via the ubiquitinproteasome pathway. The implications of this work are not limited to missense mutants only but may also apply to other potentially misfolded dystrophin proteins, such as internally deleted dystrophins (46, 47) found in BMD patients, those miniaturized dystrophins under investigation as therapeutic constructs for gene therapy, or in exon skipping therapies. 
Materials and Methods

Cloning and mouse generation
Full-length mouse dystrophin cDNA (with missense mutations L54R and L172H) was subcloned into the Gateway system Entry vector (Life Technologies). The cDNA was then recombined into a vector containing the human skeletal alpha-actin (HSA) promoter and Vp1 intron that had been adapted to the Gateway system. The expression cassette was cut out of the vector with restriction enzymes and sent to the University of Cincinnati Transgenic Mouse Core (L54R) or The Scripps Research Institute Mouse Genetics Core (L172H) for pronuclear injection into fertilized eggs of C57BL/6J mice. Injected eggs were transplanted into pseudopregnant mice. Progeny were screened for the transgene by genomic PCR. Transgenic mice were crossed onto the mdx background (mL54R and mL172H), and transgenic male progeny were analyzed. Homozygous mice were generated by breeding transgene positive mdx males with transgene positive females. Progeny were then analyzed for homozygosity by genomic quantitative PCR using HSA transgene promoter specific primers as detailed below. All analyses were performed on mice 10-14 weeks of age and compared with C57BL/6J (b6) or C57BL/10J (b10) wild-type mice as noted.
RT-qPCR
Tissue was pulverized with mortar and pestle in liquid nitrogen. RNA was isolated with the Aurum Total RNA Fatty and Fibrous Tissue (BioRad 732-6870) or Aurum Total RNA kit (BioRad 732-6820) for C2C12 cells. Total RNA was reverse transcribed into cDNA (1 lg total for a concentration of 50 ng/ll) using the iScript TM Advanced cDNA Synthesis Kit (BioRad 170-8843).
cDNA was then diluted to a concentration of 10 ng/ll to be used for amplification using SsoAdvanced TM Universal SYBR 
Western blot analysis
Tissue was pulverized with mortar and pestle in liquid nitrogen. Tissue was then lysed with 1% SDS solution with added protease inhibitors (100 nM Aprotinin, 10 mg/ml E-64, 100 lM Leupeptin, 1 mM PMSF, 1 lg/ml Pepstatin) proportional to mass of the tissue pellet. Protein concentration was measured by A 280 absorbance. Equal concentrations of lysate were then separated by electrophoresis at 150 V for 1 h and transferred to PVDF membrane at 100 V/0.7 Amp for 1 h. Membranes were blocked in either (5% non-fat milk in PBS 0.1% Tween solution) or (5% bovine serum albumin in Tris-buffered saline 0.1% Tween solution) depending on the primary antibody for 1 h. Primary antibodies used were anti-Dys1 (Leica) at 1:100, anti-Dys2 (Leica) at 1:100, anti-utrophin (Santa Cruz 8A4) at 1:100, anti-a-dystroglycan ( 
Immunofluorescent analysis
Quadriceps and gastrocnemius muscles were dissected, frozen in melting isopentane, and embedded in optimum cutting temperature compound submerged in liquid nitrogen. Transverse sections of 10 mm were cut on a Leica CM3050 cryostat, air dried, and then fixed in 4% paraformaldehyde for 10 min. Sections were washed with PBS (150 mM NaCl, 8 mM NaH 2 PO 4 , 42 mM Na 2 HPO 4 ) before being blocked with 5% goat serum/0.1% Triton X-100 for 30 min. Amn1  GTCAGCTCCTGGAACTATGTCT  GTTATCCGACCCCGAATGCT  FBXO33  TTGGCAATTCATGGTTACACCG  GCCCAGTGATACCTGCTCAA  Zfand5  GTCACTCAGCCCAGTCCATC  GCAGTCAAACCCTGTAAGGC  TRAF2  GCTACTGCTCCTTCTGCCTG  TGGAAAGGCCGAACTACTCTC  Trim75 TCTTGGTAAGTCAACCGGGC GGGTTTGGGCTGGTGATGTA Single muscle fibers or bundles of two or three muscle fibers were mechanically teased apart and incubated with anti-a-tubulin antibody overnight with rotation. Goat anti-mouse secondary antibody coupled to Alexa Fluor 568 was used for visualization. Fibers were mounted on slides using SlowFade Gold antifade reagent with DAPI (Invitrogen) to visualize nuclei. Fibers were imaged on the Olympus FluoView FV1000 with the 60Â oil immersion objective using the accompanying software. ImageJ sum slices projection was used to combine Z-stacks of two to three sarcolemmal images. Brightness and contrast were adjusted using ImageJ. Images are representative of n ! 3 mice per genotype and n ! 10 fibers per mouse.
Quantitative microtubule lattice analysis
Using a previously developed directionality analysis program (TeDT; (48)), microtubule lattice directionality was calculated for all mouse lines. A two-way ANOVA was used to assess the effect of microtubule intersection angle across groups. Bonferroni post hoc measures were used to determine the extent of differences between groups. Significance was set at P < 0.05.
Histology and CNF count
Cryosections were cut from the same blocks prepared for immunofluorescence at 10 lm thickness. Sections were stained with hematoxylin and eosin-phloxine and imaged on Leica DM5500 microscope at 20Â total magnification. A total of at least 250 fibers were imaged from each muscle of each mouse and then CNF counted as a percentage of the total.
Serum CK analysis
Serum samples of the mice were collected by cheek bleed. The samples were diluted 1:20 and then serum CK activity analyzed using CK DT slides (Ortho-Clinical Diagnostics) and a Kodak Ektachem DT 60 Analyzer. CK activity is reported as U/L.
Forelimb grip strength
Mice were gripped at the base of their tail and positioned to grab the DFE series digital force gauge (Chatillon) with grip bar attachment. Once the mouse was gripping the bar with both hands, the mouse was slowly with consistent force pulled perpendicularly away from the grip bar. Five trials were run per mouse and the average force was calculated.
Whole body tension
Mice were placed between parallel barriers, allowing only for forward movement. A slipknot suture was used to attach the base of the mouse tail to a fixed range force transducer (BioPac Systems). The tail of the mouse was then lightly pinched and the subsequent force evoked was measured. Five minute traces were collected and the top five peaks were averaged for each mouse and then normalized to body weight. Protocol adapted from (49).
Activity after exercise
Mice were acclimatized to the treadmill for 3 consecutive days, for 5 min at 0 m/min followed by 5 min at 9 m/min at 0 decline.
On the fourth day, baseline pre-exercise activity was assessed for 30 min using laser-sensor activity cages (AccuScan Instruments, Inc.). Mice were then acclimatized to the treadmill for 5 min at 0 m/min at 15 decline. Without the use of electrical shock, mice were then encouraged to walk on the treadmill for 5 min at 5 m/min followed by 10 min at 15 m/min. After exercise, activity was measured for 30 min. A total number of vertical episodes were counted and post-exercise activity reported as a percentage of the pre-exercise activity.
Eccentric contraction analysis
Mice were anesthetized with sodium pentobarbital and EDL muscle dissected. Silk suture was used to attach the distal tendon to a static structure and the proximal tendon to a force transducer (Model 300B-LR, Aurora Scientific). The EDL was incubated in Kreb-Ringer bicarbonate buffer [120.5 mM NaCl, 4.8 mM KCl, 1.2 mM MgSO 4 1.2 mM Na 2 HPO 4 , 20.4 mM NaHCO 3 , 10 mM glucose, 10 mM pyruvate, 1.5 mM CaCl 2 ], oxygenated with 95% O 2 /5% CO 2 . Muscles were lengthened to an optimal tension and this set as the optimal length (L 0 ). Maximal isometric twitch and tetanic forces were measured. For eccentric contraction experiments with 10% length change, the EDL muscle was stimulated (200 ms at 175 Hz) while simultaneously lengthening from 95% to 105% of the L 0 at 0.5/s. For eccentric contraction experiments with 5% length change, the EDL muscle was stimulated the same but lengthening was from 97.5% to 102.5% of the L 0 at 0.25 L 0 /s. Three minutes recovery was allowed between each eccentric contraction and maximum eccentric force was recorded for each contraction. Eccentric force was plotted as a percentage of the first eccentric contraction.
Drug treatment of mice
Transgenic male mice between 10 and 14 weeks of age were treated with bortezomib (Cell Signaling 2204S), oprozomib (ApexBio A1934), carfilzomib (Selleckchem S2853), MG132 (Thermo Fisher AP81515A) or gedunin (Santa Cruz Biotechnology sc-203967) according to the conditions outlined in Supplementary Material, Table S3 .
siRNA screen
The L54R mutant dystrophin C2C12 cell line was grown according to (11) . Cells were seeded to 600 000 and adhered for 4 h before being treated with mouse ON-TARGETplus siRNA library for Ubiquitin Conjugating Enzymes Subsets 1, 2 and 3 (Dharmacon). Cells were treated with 40 nM siRNA pools according to the manufacturer's protocol or treated with 1 lM bortezomib as a positive control. After 48 h, cells were trypsinized and resuspended with 50 ll fluorescence-activated cell sorting (FACS) staining medium: phosphate-buffered saline (PBS) (Mediatech, Inc., Manassas, VA, USA) containing 2% fetal bovine serum (HyClone, Logan, UT, USA) supplemented with 1 lg/ml propidium iodide. Flow cytometry analysis was performed on a BD FACSAriaII (BD Biosciences, San Diego, CA, USA) and data were analyzed using FlowJo (FlowJo LLC, Ashland, OR, USA). The screen was performed over 4 days with negative controls (untreated cells) and positive controls (bortezomib or epoxomicin) measured for each day. Change in fluorescence (D Fluorescence) was calculated by subtracting the negative control for each day and normalized to the median fluorescence for each day. The threshold was calculated using 3 standard deviations. To validate the positive hits, L54R C2C12 cells were seeded at 1 Â10 6 and adhered for 18 h before treatment with 40 nM of siRNA for 24 h.
Statistics
Data are presented as mean 6 standard error of the mean. To determine significance for all data with three or more groups, one-way ANOVA analysis was performed with a ¼ 0.05. Upon significance of the ANOVA, Tukey post hoc tests were performed with all pairs of data at a ¼ 0.05.
Supplementary Material
Supplementary Material is available at HMG online.
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